The gene PaLAR3 involved in phenolic secondary metabolism is validated as a marker for pathogen resistance in Norway spruce through the study of two PaLAR3 alleles and their differential effect on resistance
Introduction
Conifers are a major component of boreal and alpine forests in the Northern
Hemisphere and are of great importance both ecologically and economically.
Norway spruce [Picea abies (L.) Karst], in particular, is one of the most important conifer species in Europe and among the most widely planted spruce species, both in and outside of its native range. Infection of P. abies by the stem and rootrot fungi from the Heterobasidion annosum sensu lato (s.l.) species complex, one of the most significant forest pathogens in the Northern Hemisphere, has a strong negative impact on wood production and quality (Woodward, 1998) . The wood decay associated with the spread of H. annosum s.l. in the tree reduces high quality saw logs to fire wood (Karlsson and Swedjemark 2006) . Following spread from roots or direct infection via wound at stem base, H. annosum s.l. can establish a decay column in the wood that may reach up to 10 m in the stem. To achieve this the pathogen must penetrate the bark and necrotize phloem, cambium and sapwood (Oliva et al., 2015) .
Resistance to H. annosum s.l. in P. abies is a quantitative trait (Swedjemark et al., 1997; Arnerup et al., 2010) and it is likely to involve an active defense response against colonization and mechanisms associated with protection of heart-and sapwood. In the first Quantitative Trait Loci (QTL) study on P. abies resistance to H. parviporum, a member of the H. annosum s.l. species complex, Lind et al. (2014) identified 13 QTLs that were associated with four traits related to host resistance. Four of the QTL regions were associated with the control of fungal growth in sapwood (FGS), which is a trait that reflects the trees capacity to protect its sapwood. In theory trees allowing shorter FGS after inoculation with H. annosum s.l. in the sapwood would also display shorter decay columns after natural infections (Woodward, 1998) . One of the four QTL associated with FGS is defined by the SNP GQ03204_B13.1.1304 and is based on the Picea glauca ortholog of PaLAR3 (Hammerbacher et al., 2014) .
PaLAR3 encodes a leucoanthocyanidin reductase (LAR), which is an enzyme of the flavonoid biosynthetic pathway (Figure 1 ) that belongs to the short-chain dehydrogenase/reductase protein family and catalyzes the synthesis of (+) catechin, a flavan-3-ol that is a precursor of the proanthcyanidins from leucoanthocyanidin (Stafford and Lester, 1984; Mauge et al., 2010) . P. abies saplings overexpressing PaLAR3 showed higher (+) catechin levels than wild type P. abies saplings (Hammerbacher, 2011; Hammerbacher et al., 2014) . The enzymatic product, (+) catechin, has been correlated with the level of resistance against various pathogens and pests in different Picea species (Brignolas et al., 1995; Brignolas et al., 1998; Lieutier et al., 2003; Danielsson et al., 2011; Fossdal et al., 2012; Porth et al., 2012) . Inoculation of P. abies with the bark beetleassociated fungus Endoconidiophora polonica increases the transcript levels of PaLAR3 as well as the monomeric and polymeric flavan-3-ols, including (+) catechin (Hammerbacher et al., 2014) . Inoculation studies of selected P. abies genotypes with known resistance to H. annosum s.l. provided some support for the direct involvement of PaLAR3 and (+) catechin in defense, as genotypes with higher levels of resistance against H. annosum s.l. showed increased PaLAR3 (LAR1) expression and an accumulation of (+) catechin 5 days after inoculation, which could not be found in the susceptible trees (Danielsson et al., 2011) .
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Taken together GQ03204_B13.1.1304 on LG 6 (Lind et al., 2014) appeared to be associated not only with reduced FGS in the QTL study but also to the previously described PaLAR3 gene and (+) catechin, both associated with biotic stress responses in Picea spp. Thus we selected locus GQ03204_B13.1.1304 and its associated gene PaLAR3 for analysis. We tested the following hypotheses: i) 6 GQ03204_B13.1.1304 associates with reduced FGS also outside the QTL mapping population; ii) resistance conferred by GQ03204_B13.1.1304 depends on the PaLAR3 gene and iii) allelic variation in the PaLAR3 gene can explain the variation in resistance associated with GQ03204_B13.1.1304. To test the first hypothesis we carefully phenotyped FGS in selected progenies, with defined genotypes at the GQ03204_B13.1.1304 locus, from several open-pollinated families across multiple populations. To address our second and third hypotheses we resequenced PaLAR3 in individuals homozygous at the GQ03204_B13.1 locus to determine the allelic structure of the gene, to identify non-synonymous substitutions, and to analyze motifs in the promoter. We tested the fungistatic effect of (+) catechin on the H. parviporum strain that was used for inoculation, we investigated differences in the protein activity between the enzymes produced by the different PaLAR3 alleles through heterologous expression in Nicotiana benthamiana, and we quantified the allele-specific gene expression of the PaLAR3 alleles by qRT-PCR (quantitative Reverse Transcribed-PCR).
Materials and Methods

Plant Material
The genotype at locus GQ03204_B13.1 was determined by three SNPs (GQ03204_B13.1.64, GQ03204_B13.1.1304 and GQ03204_B13.1.1406) in 773 P. abies individuals, which were genotyped for a total of 1733 SNP sites, employing the Illumina GoldenGate ® assay used by Lind et al. (2014) . The 773 trees originated from 102 half-sib families collected from four populations in Sweden, Finland and Russia. The plants were grown in a common garden, Lugnet, in Håbo (Sweden) (Supplemental material1).
Based on their genotype at the locus GQ03204_B13.1, 42 individuals from 14 half-sib families were selected for the experiments. From each family three individuals were selected, one individual homozygous for each allele and one heterozygote (Supplemental material 2).
Plant inoculation and material harvest
Rb175, a well-defined strain of Heterobasidion parviporum (Fr.) Niemelä & Korhonen (Stenlid, 1987) , was grown on Hagem's medium (Stenlid, 1985) and inoculum was prepared as described by Lind et al. (2007) .
Inoculations were done in August 2014 on 11-year old trees growing in the common garden at Lugnet by inserting inoculum wood plugs aseptically into wounds, made using a cork borer with a diameter of 0.7 cm in the bark of oneyear-old twigs. Inoculations were covered with Parafilm and left under conditions where daytime temperatures varied between 15 and 25°C during the experimental period. Every plant was inoculated eight times on separate twigs.
One twig per individual was harvested at seven days post inoculation (dpi) for RNA extraction. A 20 x 5 mm bark piece around the inoculation point was cut and immediately put in liquid nitrogen. All samples were stored at -80°C until further use. At 21 dpi the remaining seven inoculated twigs were harvested for phenotyping of FGS.
For analysis of constitutive and induced (+) catechin contents, bark (including the phloem) was harvested from intact or inoculated one-year-old twigs, respectively. From each twig, three 20 x 5 mm bark samples including bark, phloem and parts of the cambium were collected. These bark samples were immediately put in liquid nitrogen and used for biochemical analysis. All samples were stored at -80°C until further use.
Phenotyping of fungal growth in sapwood
Needles were removed from the twigs and five-centimeter cross-sections upward and downward from the inoculation point were cut. Each of these sections was cut into ten five-millimeter pieces that were placed on moist filter paper in a Petri plate, together with the plug that was used for the inoculation.
Plates were then left under moist conditions at 21°C and in darkness for one week. After that, a stereomicroscope (Zeiss Stemi 2000C) was used to determine the presence or absence of H. parviporum conidia on each one of the fivemillimeter plugs under 50x magnification. For each twig, we annotated the sum of the 5 mm-sections upward and downwards from the inoculation point where fungal growth was observed. Plates where no conidia could be observed on the inoculation point or on the inoculation plug were treated as inoculation failures and were discarded. The FGS data was analyzed using a one-way ANOVA with repeated measures in JMP ® , Version 10. SAS Institute Inc., Cary, NC, 1989 .
Primer design
In order to sequence the 2.8 kb genomic region of PaLAR3 and create a haplotype network, five primer pairs were designed (a, b, c, d and e) covering the genomic region. For sequencing of the promoter region of the gene three primer pairs spanning 1.5 kb into the 5' upstream region of PaLAR3 were designed. Primer3 (biotools.umassmed.edu/bioapps/primer3_www.cgi) was used to design all primers pairs. In order to design these primers, the P. abies scaffold MA_176417 sequence from the P. abies v.1.0 genome (www.congenie.org) was used as a template. Primers for qRT-PCR were designed manually based on DNA genomic sequences of PaLAR3 to obtain a 150 bp product and a Tm of 60°C. Primer were checked at www.bioinformatics.org/sms2/pcr_primer_stats for control of quality and properties before primers were synthesized at TAG Copenhagen (Copenhagen, Denmark) (Supplemental material 3).
Sequencing of the PaLAR3 genomic sequence
Genomic DNA was extracted from 28 individuals homozygous for the GQ03204_B13.1 locus that were included in the inoculation experiment. Firstly, in order to create a haplotype network for PaLAR3, 2.8 kb of the PaLAR3 genomic sequence that spanned from the 5'UTR region to the 3'UTR region of the gene were sequenced. To do this, five overlapping amplicons (a, b, c, d and e) were used to amplify PaLAR3 (Figure 2b ). Secondly, in order to study differences between the promoter regions of the two main PaLAR3 variants, DNA from two homozygous individuals was selected to sequence 1.5 kb of the 5' upstream region of PaLAR3. To do this, three primer pairs positioned at -500, -1000 and -1500 bp from the ORF were used. 
Phylogenetic analysis and haplotype network
Sequence assembly was done with Seqman (DNAstar). Sequences were then imported into MEGA6 (Tamura et al., 2013) and aligned by the ClustalW algorithm with gap opening penalty 15, gap extension penalty 6.66, IUB DNA weight matrix and transition weight 0.5. A Maximum Likelihood tree was created with a bootstrap phylogeny test of 1000 replications and pairwise deletion of missing data.
Genetic distances between haplotypes were imported into HapStar (http://fo.am/hapstar/) to create a Minimum Spanning Network using default software settings. The network was edited in Illustrator (Adobe) to incorporate allele sizes for each specific subgroup and genotype provenances.
SNP comparison between Picea glauca and P. abies LAR3
We compared the SNP variation that we observed after re-sequencing PaLAR3 with the SNP variation that was published by Pavy et al. (2013) for the unigene GQ03204_B13 in P. glauca, corresponding to the P. glauca full-length sequence BT109050.1 in Genbank. BT109050.1 was used as a reference and the PaLAR3 genomic sequences were trimmed to fit BT109050 by removing the introns and the 3' and 5' UTR regions that were not covered by BT109050.1. SNPs were compared to our allelic structure by observing the presence or absence of P.
glauca SNPs in P. abies and vice versa.
Comparative analysis of the PaLAR3 promoter region
Cis-regulatory motifs in the isolated 1.5 kb 5' upstream region of PaLAR3 from two individuals (51: PaLAR3AA and 51:PaLAR3BB) representing the two main PaLAR3 genotypes were identified using PLACE (Higo et al., 1999) . The output files were manually compared to identify motifs differing in frequency or position between the two promoter sequences. The promoter sequences were also imported into MEGA 6.0 to identify any larger structural differences between them.
RNA extraction and cDNA synthesis
Bark samples (split from sapwood at the cambium thus including bark, phloem and some of the cambium tissue) from the inoculated plants that were harvested one week after the inoculation with H. parviporum were pulverized in a mortar with liquid nitrogen and RNA was extracted following the protocol described by Chang et al. (1993) . RNA samples were treated with DNaseI (Sigma Aldrich, USA) and RNA concentration was determined with a NanoDrop (Spectrophotometer ND 1000, Saveen Werner). Five hundred ng of total RNA were reverse transcribed with the iScript™ cDNA Synthesis Kit (Bio-Rad) according to the manufacturers' instructions.
Quantitative Polymerase Chain Reaction
A PCR with allele-specific primers (Supplemental material 3) was run on cDNA samples and the two products were purified by cloning the products into TOPO® vectors (Clontech) following the manufacturer's instructions. Plasmids were purified using The PlasmidPrep minikit® and dilution series were then prepared from 10 8 to 10 3 copies/µl to create regression lines that allowed to estimate the transcript levels in the samples.
qRT-PCR was performed with the SsoFast™ EvaGreen® Supermix (Bio-Rad) according to the instructions in the manual, using 0.3µM of each primer and one µl cDNA as template. The quantitative PCR was carried out in an iQ5™ Multicolor Real-Time PCR Detection System thermo cycler (Bio-Rad) using a program with a 30 seconds initial denaturation step at 95°C, followed by 40 cycles of 5s denaturation at 95°C and 10s at 60°C. Three repetitions per standard, sample and negative control were run. Melt curve analyses were used to validate the amplicon. Primer efficiency was confirmed to be similar for the two allele-specific primer pairs used for qPCR. Transcript levels were estimated using the regression line obtained with the Ct values for the standards. A pairwise t test (t=6.444 df=13) was run to detect differences between transcript levels of the two PaLAR3 alleles in the heterozygous individuals.
Chemical analysis
For the 42 individuals used for the inoculation study, bark samples (including bark, phloem and some of the cambium) of intact twigs and inoculated twigs were harvested at day 0 and seven days after inoculation, respectively. Bark samples were ground in a mortar with liquid nitrogen. Once pulverized, the samples were freeze-dried and flavan-3-ol content was measured using the method described by Hammerbacher et al. (2014) .
Variances in the Flavan-3-ol content were analyzed using the Friedman test, a non-parametric repeated measures one-way ANOVA, together with a Dunn's multiple comparison test to detect variance differences.
Protein activity study
PaLAR3A and PaLAR3B were cloned into the expression vector pEAQ Dest 1 (Sainsbury et al., 2009) shaking. Crude protein content was quantified using the Bradford reaction.
Approximately 200 µg crude protein was mixed with 2 µg bovine serum albumin (BSA) as an internal standard and subjected to tryptic digest following the protocols from Stergachis et al. (2011) .
The amounts of both PaLAR3A and B proteins were quantified by LCMS analysis using an API 5000 mass spectrometer coupled to an Agilent 1260 Infinity HPLC and a DXB-C18 (4.6 X 50 mm 1.8 µm particle size) column. The total mobile phase flow rate for chromatographic separation was 1 ml min -1 . The column temperature was maintained at 25°C. Peptides from the tryptic digest were Multiple reaction monitoring (MRM) transitions for peptides were predicted using Skyline (http://sciex.com/products/software/skyline-software). The ion spray voltage in the MS was maintained at -4500 V. The turbo gas temperature was set at 700 °C. Nebulizing gas was set at 70 psi, curtain gas at 25 psi, heating gas at 60 psi and collision gas at 10 psi. The analyte precursor ion → product ion transitions that were monitored are described in supplemental material 4. The amounts of PaLAR3A and PaLAR3B were calculated by relating the peak areas of the LAR peptides to the peak areas of the internal standard, BSA, and are expressed as BSA equivalents.
LAR enzyme activity was assayed at 28 °C for 15 min using approximately 0.2-1 µg LAR protein, 5 µg dihydroflavonol reductase (MdDFR) from Malus domestica (Pfeiffer et al., 2006) expressed in N. benthamiana as above, 1 mM NADPH and 2.5 mM taxifolin. Products were analyzed and quantified using the protocols described in Hammerbacher et al. (2014) . Assays using leucodelphinidin were initiated as above, but without the addition of MdDFR.
Specific activities of the enzymes encoded by the two alleles were calculated by taking into account the amount of LAR protein in the assay and the rate of product formation (µmol product formed * mg LAR protein -1 * minute -1 ).
(+) catechin effect on fungal growth of H. parviporum
The fungistatic effect of biologically relevant (+) catechin levels was tested by growing H. parviporum Rb175 on 90 mm Petri plates with standard Hagems medium as a control and Hagems medium supplemented with (+) catechin levels corresponding to the average (+) catechin levels in bark of PaLARA and PaLARB homozygotes, 5.4 mg/mL and 7.6 mg/mL, respectively. On each plate, two perpendicular axes having as a center the inoculation point were drawn. Fungal growth was measured every 24 hours and was assessed by marking the furthest point reached by the fungal hyphae on each of the four axes and calculating the average of the four marks. Three repetitions per treatment were done and measurements were done until day 9, when the first hyphae reached the edge of the Petri plates. Data were analysed using a one-way ANOVA in order to detect statistical differences between treatments.
Results
Genotyping shows co-segregation of three SNPs in the PaLAR3 locus
In addition to the SNP GQ03204-B13.1.1304 that was linked to the FGS QTL, we genotyped 773 individuals for two additional SNPs in the same locus (GQ03204-B13.1.1406 and GQ03204-B13.1.64) using the Illumina GoldenGate (Table 1) .
PaLAR3 has two allelic lineages
The isolated PaLAR3 2.8 kb genomic sequence spanned the whole coding The remaining 39 mutations (37 SNPs and two indels) were found to vary within allelic lineages. Eleven SNPs were mutations that mostly differed between the PaLAR3A and PaLAR3B allelic lineages except for particular subgroups within the allelic lineages that carried the alternative nucleotide (Figure 2c) . Twelve of these mutations were found within the PaLAR3A allelic lineage, and 16 in the PaLAR3B allelic lineage.
We compared the SNP variation of PaLAR3 with the SNP variation of the LAR3 gene reported from P. glauca EST sequences (Pavy et al., 2013) to study the possibility that the allelic lineages are conserved between the two species. We found eight SNPs that were shared between the two species, 24 that are P.
glauca-specific and 26 that are P. abies-specific. From the eight SNPs that were shared between the two species, six differed between the PaLAR3A and PaLAR3B allelic lineages in P. abies while the other two SNPs belong to the B2 subclass of the PaLAR3B allelic lineage.
The main alleles within the respective lineage PaLAR3A A1 and PaLAR3B B1 were present in the whole geographic region analysed. Of the minor variants it was only PaLAR3A A2 that was present in more than one population (Figure 3 ).
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After trees were inoculated with H. parviporum fungal growth in sapwood was measured. Our data showed a significant effect on FGS for family (P<0. Deducing the association genetics of complex traits in conifers is a demanding task and has often proven unsuccessful, as shown by the scarce number of molecular markers that have been validated so far (Neale and Savolainen, 2004) in this taxon. In cases where resistance is associated with single genes, such as the major QTL Fr1 conferring resistance to Cronartium quercuum in Pinus (Wilcox et al., 1996; Kuhlman et al., 1997) , genetic effects may be large and detection can be relatively uncomplicated (Quesada et al., 2010; Neale et al., 2014; Quesada et al., 2014) . In contrast, quantitative disease resistance, e.g. the resistance to H. annosum s.l. in conifers, is typically controlled by many loci each with a relatively small effect (Quesada et al., 2010) . The validated QTL, GQ03204_B13.1, is estimated to explain just under 5% of the phenotypic variation detected for FGS of H. parviporum in P. abies (Lind et al., 2014) . Thus, a precise disease phenotyping is a critical step towards identifying and validating cis-regulatory motifs and shows a certain similarity with a known ATAF2-binding sequence identified in A. thaliana (Wang and Culver, 2012) .
Interestingly, one of the two repeats of PaLAR3B includes a deletion that could affect the capacity of a transcription factor to bind at this site as shown by Wang and Culver (2012) . This leaves PaLAR3A with three, and PaLAR3B with one complete repetition of the cis-regulatory motif. Taken together, the structural differences that we observe in the promoter regions of the two PaLAR3 alleles are likely to cause differential expression of the two alleles, but this would need to be confirmed with in vivo experiments.
Constitutively higher levels of secondary metabolites can act as a defense to herbivores and pathogens (Verne et al., 2011; Hall et al., 2011; Mageroy et al., 2015) ; thus the constitutively higher levels of ( Danielsson et al., 2011; Arnerup et al., 2013; Hammerbacher et al., 2014) .
Furthermore, the time interval between inoculation and tissue harvest and catechin analysis (7d) in our experiment might have been too short for the shoots to reach their final metabolite concentration.
Our observations regarding the expression levels of the two alleles at the PaLAR3 locus and the constitutive (+) catechin content in bark are reminiscent of several other defense associated loci comprising genes in the secondary metabolic pathways in Picea; higher transcript levels of the β-glucosidase gene Pgβglu-1
were recently shown to correlate with higher levels of piceol and pungenol and were associated with resistance to spruce budworm in P. glauca (Mageroy et al., 2015) , showing that variation in transcript levels can explain conifer resistance phenotypes. Similarly Porth et al. (2012) employed a QTL analysis based on gene expression levels (eQTL analysis) and identified 38 phenylpropanoid-related genes, including two LARs, that co-segregated with weevil resistance in a P. glauca x P. engelmanii (interior spruce) cross. These studies and our observation on the PaLAR3 locus underline the role of cis-and trans-regulatory elements in constitutive as well as induced resistance.
The three SNP-based markers that were used for the first genotyping of the locus associated with GQ03204_B13.1 in our population were originally developed in P. glauca (Rigault et al., 2011; Pavy et al., 2012) . In addition to the mutation that leads to the amino acid substitution at position 175, we identified seven SNPs shared between P. abies and P. glauca, which are estimated to have diverged 13-20 million years ago (Nystedt et al., 2013; Warren et al., 2015) . Our observations suggest the possibility of a similar allelic structure in the P. glauca PaLAR3 ortholog. Convergent evolution cannot be discarded as a mechanism creating similar allelic structure in the two sister taxa if there is a pressure favoring the specific mutations. However, the similarity in specific activity of the PaLAR3 Taken together, the validation of the PaLAR3 locus offers a glimpse of the genetics underlying the previously reported (Brignolas et al., 1995; Brignolas et al., 1998; Lieutier et al., 2003; Danielsson et al., 2011; Fossdal et al., 2012) association between flavanol content and reduced susceptibility to pathogenic fungi in Picea, the differential transcript levels of the two alleles indicates that the regulation of secondary metabolism in defense is more complex, and possibly even more interesting, than hitherto understood.
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